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The human gut microbiota is a highly diverse ecosystem that is extremely variable amongst 101 individuals (Lloyd-Price et al., 2017) . This microbial community has been shown to play a key 102 role in human health and disease (Gilbert et al., 2016) . Since the gut microbiota may be pivotal 103 to the development of microbial therapies, understanding factors that shape overall gut 104 microbiota biodiversity over the different human life stages is of utmost interest. 105
There is increasing evidence suggesting that the host genes, gene expression patterns, 106 environmental exposures, including medication and diet, and lifestyle factors play an important 107 role in delimiting the boundaries of microbial diversity in the gut (Foster et al., 2017; McDonald 108 et al., 2018) . While a detailed longitudinal study of the interplay of each of these factors would 109 be scientifically, logistically, and financially challenging, the chronological age of the host may 110 be conceived as a proxy variable that represents the accumulation of these effects for a given 111
individual. Several studies have reported a positive correlation between age and gut microbiota 112 alpha diversity from birth to adulthood (Hopkins et al., 2002; Koenig et al., 2011; Mariat et al., 113 2009; Yatsunenko et al., 2012) . Likewise, it has been shown that alpha diversity is maintained in 114 old age until comorbidities contribute to its decline (Maffei et al., 2017) . Another intriguing host-115 associated pattern identified in humans and rodents is the link between the gut microbiota and 116 sex. Recent studies reported that women have higher microbial diversity than men and that sex 117 influences the composition of the microbial community after puberty (Falony et al., 2016; Kozik 118 et al., 2017; Markle et al., 2013; Sinha et al., 2018; Yatsunenko et al., 2012) . These differences 119 may contribute to the sexual dimorphism of autoimmune (Gomez et al., 2012; Markle et al., 120 2013; Yurkovetskiy et al., 2013) and neuro-immune diseases (Wallis et al., 2017 (Wallis et al., , 2016 . 121 Therefore, it is key to consider the impact of inherent age and sex differences in different human 122 populations to adequately discriminate changes and variations in the microbiome of individuals. 123
To better understand how age and sex of the host relate to the diversity of the gut 124 microbiota during adulthood, we explored the association of these factors using data from 125 individuals in three cross-sectional studies from four geographical origins including the citizen-126 science American Gut Project (AGP) comprised of individuals from the United States (US) and 127 the United Kingdom (UK) (McDonald et al., 2018) , a cohort of individuals from China (He et al., 128 2018 ) and a relatively smaller study with individuals from Colombia (de la Cuesta-Zuluaga et al., 129 2018 gastrointestinal diseases were excluded. Details on the data acquisition, quality assessment 149 and processing of fecal samples from these three cohorts were previously described (de la 150 Cuesta-Zuluaga et al., 2018; He et al., 2018; McDonald et al., 2018 Amplicon sequences of all three cohorts were uniformly processed following the same 155 procedures previously described (McDonald et al., 2018) . Briefly, the V4 hypervariable region of 156 the 16S rRNA gene was sequenced with the Illumina MiSeq platform. Raw sequences were 157 clustered into sequence variants (SV) with deblur denoising (Amir et al., 2017) using QIIME 2 158 (Bolyen et al., 2018 former, we replicated the analyses using a separate group of individuals of the AGP cohort from 178 the US who had consumed antibiotics during the 6 months prior to their enrollment (283 women 179 and 174 men). For the latter, we replicated the analyses adjusting the linear models for 180 cardiometabolic risk in the Colombian cohort using a risk measure, which we termed 181 cardiometabolic risk scale (Guzman-Castaneda et al., 2018) . This was calculated using the sum 182 of the z-scores of log-transformed waist circumference, triglycerides, insulin, diastolic blood 183 pressure and high-sensitivity C reactive protein; positive values of the score are associated with 184 increased cardiometabolic health risk. 185
Random Forest (RF) regression was used to regress relative abundances of SVs in the 186 gut microbiota of healthy women and men adults against their chronological age in each 187 dataset, using the R package randomForest and the following parameters: ntree = 18,000 and 188 mtry = p/3, where p is the number of input features (SVs). The microbiota age model was first 189 trained on the training dataset of female adults and was then applied to test the set of male 190 adults, and vice versa. A smoothing spline function was fit between microbiota age and 191 chronological age of the hosts for calculation of "relative microbiota age" of adults in the test 192 sets to which the sparse model was applied. For a particular sample, the relative microbiota age 193 was calculated as the difference between the ''microbiota age of a focal adult'' and the 194 ''microbiota age of interpolated spline fit of healthy women/men adults at the same chronological 195 age''. We further employed Wilcoxon rank-sum test to compare the relative microbiota age 196 between female and male groups in each of datasets using the R function Wilcox.test. To 197 establish the sex difference in microbiota age, we subdivided the datasets into the above-198 defined age groups, and repeated the analyzes as described above in all age segments. 199
The code and data required to reproduce the statistical analyses is available at 200 https://github.com/jacodela/microbio_aDiv. 201 202
Results 203 204
Basic characteristics of individuals from the four cohorts are summarized in Table 1,  205 stratified by sex and age group. To assess changes in alpha diversity with age during 206 adulthood, we first performed linear regression with linear splines, establishing a knot at 45 207 years of age, and simple linear regressions in each cohort independently. We then evaluated 208 the goodness of fit of each model using AIC, which indicated that changes in alpha diversity are 209 better explained by distinguishing between young adults (20-45 years) and middle-aged adults 210 (46-69 years). In the US, UK and Colombian cohorts, we observed a positive but non-linear 211 association between alpha diversity measures and age, in both women and men. LOESS 212 curves fit independently by sex showed an inflection point after age 40 in each of these cohorts 213 ( Fig. 1A-C) . In contrast, we did not observe such a pattern in the Chinese cohort, in which alpha 214 diversity displayed a slight decrease with age ( Fig. 1D ). 215
We then fit linear regression models to examine associations of microbial diversity, age 216 and sex in the different age groups of each cohort independently. In both the US and UK 217 cohorts, we observed a positive relationship between microbial richness and age for both sexes 218 in young adults (US: p <0.001; UK: p < 0.001), but not in middle-aged adults (US: p = 0.404; 219 UK: p = 0.111) (Fig. 1A-B ). In addition, after adjusting for age we observed significant or 220 borderline significant differences in overall SV richness between sexes in young adults (US: 221 ∆ men -women = -3.3., p-value = 0.066; UK: ∆ men -women = -9.84, p-value = 0.003) but not middle-aged 222 adults (US: ∆ men -women = -1.3, p-value = 0.48; UK: ∆ men -women = -3.7, p-value = 0.24). Similar 223 results were observed when we assessed taxa evenness using the Shannon index (Fig. S1 ). 224
Finally, we observed a significant interaction between age and sex with the Shannon index, but 225 not SV richness, in young (Shannon US: p = 0.02; Shannon UK: p = 0.03; SV richness US: p= 226 0.15 ; SV richness UK: p= 0.09) but not middle-aged adults (p > 0.2 all comparisons). 227
To establish whether these trends were present in other populations, we then examined 228 the association of alpha diversity with age and sex in the different age groups of cohorts from 229
Colombia and China. Similar to the US and UK cohorts from the AGP, we identified a positive 230 relationship between richness and age in the Colombian cohort in young adults of both sexes 231 (p-value = 0.002) but not in middle-aged adults (p-value = 0.722) (Fig. 1C) . Likewise, there was 232 a significant difference in overall SV richness between the sexes in young adults (∆ men -women = -233 10.0; p-value = 0.006) but not in middle-aged adults (∆ men -women = -7.3; p-value = 0.15). 234
Potentially due to a smaller sample size, we did not find a significant interaction between age 235 and sex on microbial diversity in the Colombian cohort for young (p = 0.91) or middle-aged 236 adults (p = 0.81). In contrast to the US, UK and Colombian cohorts, we did not observe a 237 relationship between biodiversity and age in young adults from the Chinese cohort (Fig. 1D) . 238
Men in the Chinese cohort tended to have lower SV richness compared to women as young 239
adults, yet the difference was not significant (young adults: ∆ men -women = -4.46, p-value = 0.051; 240 middle-aged adults: ∆ men -women = -4.08, p-value = 0.63). 241
Given that gut microbial diversity may be affected by factors such as antibiotic use or the 242 cardiometabolic health of the host, we replicated the above analyses in cohorts in which we 243 observed the patterns making use of publicly available metadata. To test whether the 244 consumption of antibiotics affected the observed pattern, we performed the above analyses on 245 a set of 457 individuals (283 women and 174 men) from the US cohort of the AGP that reported 246 having consumed antibiotics in the 6 months prior to enrollment. As expected, we observed 247 lower SV richness in these individuals compared to those that did not consume antibiotics. 248
Additionally, our results indicated that the usage of antibiotics did not degrade the association of 249 alpha diversity with age or sex in the AGP cohort (Fig. 2) . Likewise, we replicated the analyses 250 in the Colombian cohort after introducing a composite measure of the cardiometabolic health of 251 the subjects as a covariate to the linear models; after we adjusted analyses for cardiometabolic 252 health score, the observed patterns were similar (Fig. 3 ). 253
To examine whether similar age and sex-associated patterns in the gut microbiota would 254 be observed applying an orthogonal method, we utilized a supervised machine learning 255 approach using the composition of the gut microbiota of the subjects of the different populations. 256
We subdivided each cohort by sex, determined the SVs shared by both groups, and used their 257 relative abundances and the chronological age at time of sample collection of the host to fit a 258 random forest (RF) regression model. Two models were built for women and men groups aged 259 from 20-69 years; each trained using one sex and tested on the other. For each subject, we 260 calculated the relative microbiota age as the difference between its microbiota age and the 261 microbiota age of interpolated spline fit of an individual of the opposite sex at the same 262 chronological age. Overall, our results indicate that the regressions can explain only 7-10 % of 263 the variance in chronological age (from 20-69 years) of unrelated healthy adults from the US 264 cohort. 265 We used 1494 shared SVs between women and men to build the RF model of the US 266 cohort (Fig. 4A) . We found that men exhibited lower relative microbiota age than women 267 (p=6.237e-14, Wilcoxon rank-sum test; Fig. 4B , upper panels), suggesting sex may affect the 268 adult gut microbial aging process. To validate this finding, we also trained a RF model in the 269 men group and then applied to women (Fig. 4A , lower panels); we found women had higher 270 microbiota age (p=2.467e-12, Wilcoxon rank-sum test. Fig. 4B , lower panels). To establish 271 whether these trends were present in different age groups, we then examined the sex-272 dependent association of microbiota age in young and middle-aged separately. In the young 273 group, we selected the 1311 shared SVs between both sexes to build the RF model for women 274 and then applied it to predict the microbiota age of men. Compared to men, we found young 275 women exhibited slightly higher relative microbiota age (p=0.0003225. Fig. 4C , D, upper 276 panels). Similar results were observed when we assessed microbiota age in the middle-aged 277 group, in which we used the 1601 shared SVs sexes to build the RF model as above. Microbiota 278 age was higher in women compared to men (p=3.895e-15. Fig. 4C , D, upper panels). 279
Furthermore, such sex difference in microbiota age were not affected when we applied men's 280 model to women data (Fig 4C, D, lower panels) . Overall, our results indicate that the 281 regressions can explain only 4.8-5.0 % of the variance in chronological age of unrelated healthy 282 adults in the sex-stratified groups from the US cohort. 283
Likewise, in the UK cohort, we found higher microbiota age of women than that of men 284
(from women to men: p= 0.001401; from men to women: p= 1.093e-05, Wilcoxon rank-sum test; 285 Fig. 4E , F) using 1613 SVs in either women or men's microbiota for building and applying RF 286 models. In addition, we observed significant or borderline significant differences in relative 287 microbiota age between sexes in young (from women to men: p= 0.1387; from men to women: 288 p= 0.01376. Fig. 4G , H) and middle-aged (from women to men: p= 0.0001719; from men to 289 women: p= 0.05378. Fig. 4G , H). 290
In the Colombian cohort we used 1074 SVs shared between sexes to build the RF 291 model; similar yet non-significant trends were observed between microbiota age and sex in the 292 non-stratified analyses (from women to men: p= 0.1103; from men to women: p= 0.9997, 293
Wilcoxon rank-sum test; Fig. 4I, J) , and in the young (from women to men: p= 0.1546; from men 294 to women: p= 0.2519. Fig. 4K, L) , and middle-aged groups (from women to men: p= 0.1435; 295 from men to women: p= 0.8326. Fig. 4K, L) . This is likely due to the smaller sample size of this 296 cohort. We used 1279 SVs shared between sexes to build the RF models in the Chinese cohort, 297 the association between microbiota age and sex in was not consistent when we cross-tested 298 models (from women to men: p= 0.4248; from men to women: p= 2.422e-06. Fig. 4M, N) . We 299 did not observe significant associations in the young group (from women to men: p= 0.1249; 300 from men to women: p= 0.01444. Fig. 4O, P) , whereas in the middle-aged we observed sex-301 dependent difference of microbiota age and such differences are consistent in the cross-302 application of the models (from women to men: p= 0.03222; from men to women: p= 7.612e-12. 303 Fig. 4O , P). 304 305 Discussion 306 307
In this study, we analyzed the association of gut microbial alpha diversity with age and sex in 308 three large cross-sectional cohorts encompassing four distinct human populations with a focus 309 on gut bacteria of healthy adults. Our analyses indicate that age is positively associated with gut 310 bacterial diversity in men and women, with greater diversity in women than men. Notably, this 311 association occurs in young, but not middle-aged, adults. Consistent with these findings, 312 predicted microbiota age varied based on sex with stronger effects seen in young adults. It is 313 worth underscoring that while we did not observe these patterns in all studied cohorts, it was 314 widespread, robust to technical differences, and the alpha diversity observations were not 315 affected by the cardiometabolic health of the host nor disrupted by antibiotic consumption. 316
These findings provide new insights into the development of the human gut microbiome during 317 the course of life with regards to both age and sex, and emphasize the importance of including 318 these factors as covariates in analyses of the human gut microbiota. 319
While the most dramatic change in gut microbiota diversity occurs in early childhood 320 (Koenig et al., 2011; Yatsunenko et al., 2012) , its increase in adulthood has also been reported 321 (Odamaki et al., 2016) . In the cohorts in which the pattern was present, we observed an 322 increase in alpha diversity measures in young adults; however, this trend halted around age 40 323 (Figs 1, S1 ). This agrees with a previous report, in which no significant differences in alpha 324 diversity were found between middle-aged and elderly subjects (Biagi et al., 2010) . Interestingly, 325 the relationship between age and diversity was also linked with sex. Multiple studies have 326 reported differences in the diversity and composition of the gut microbiota between female and 327 male mice, which appear to be associated with a sex bias in the incidence of specific diseases, 328 such as type 1 diabetes (Markle et al., 2013; Yurkovetskiy et al., 2013) , rheumatoid arthritis 329 (Gomez et al., 2012) , and anxiety (Bridgewater et al., 2017) ; sex-by-diet interactions have also 330 been reported (Org et al., 2016) . While differences in alpha diversity between males and 331 females were reported in humans and mice, we showed that the association between sex and 332 alpha diversity was stronger in young adults compared to middle-aged adults. In agreement with 333 our results, no differences in alpha diversity were observed between women and men in a 334 recent study in which the mean age of participants was 60 years (Haro et al., 2016) . 335
One of the most intriguing findings was the difference in gut microbiota richness between 336 the sexes in young adults. This sex-dependent discrepancy suggests that women may enter 337 adulthood with a more diverse gut microbiota, which plateaus to the same levels in both sexes 338 by approximately age 40. The establishment of different microbial communities in males and 339 females may be mediated by sex hormones: female mice show a significant increase in alpha 340 diversity during puberty (Kelley et al., 2016) , and differences in the composition of the 341 microbiota increase with age, but are eliminated by male castration (Yurkovetskiy et al., 2013) . 342
While little is known about the maturation of the human gut microbiota during puberty, we 343 speculate that the differential hormonal milieu between women and men, and the earlier timing 344 of puberty in women, may result in a more rapid diversification of the gut microbiota in women 345
and that men only achieve the same level of diversification by middle age. Since our findings 346 are based on cross-sectional data and cannot provide causal inference to test this hypothesis, 347 future longitudinal studies that take into account factors such as steroid hormonal levels, age 348 during different stages of puberty, contraceptive consumption, and pregnancy are needed to 349 comprehend long-term trajectories of human gut microbial diversity. 350
While 3 of the 4 cohorts had an association between age, sex and microbial alpha 351 diversity, the Chinese cohort did not (Figs 1, S1 ), indicating that these associations are a 352 widespread but not universal feature of the human gut microbiota. The overall alpha diversity of 353 this cohort, as measure by SV and the Shannon index, was lower than the other three cohorts in 354 terms of SV. We also note that the exclusion criteria of this population was not the same as the 355 other studies, with only a one-month antibiotic exclusion (versus 1 year) and no stated exclusion 356 of participants with diabetes or inflammatory bowel disease (He et al. 2018 ).
357
The striking similarity among the US, UK and Colombian cohorts with regards to age and 358 sex-dependent effects on microbial biodiversity arose despite different geographical origins, 359 sample sizes and collection protocols of the studies. Moreover, we also found no apparent 360 effect of antibiotic use (US or UK; Fig. 2 ) or cardiometabolic health (Colombia; Fig. 3 ) on the 361 observed pattern in these cohorts, suggesting that the influence of age and sex on the 362 microbiota may be similar in other ethnic and cultural groups, beyond the influence of 363 cardiometabolic disease and antibiotics consumption. Nevertheless, similar large-scale 364 population studies should be performed or reanalysed to determine the extent to which our 365 results are generalizable to other populations, particularly in light of the Chinese cohort. Indeed, 366 the contrast between the UK, US and Colombia cohorts compared to the Chinese cohort 367 highlights the power of using large datasets and comparative analyses across cohorts to 368 uncover subtle patterns and reveal novel insights not discernible in smaller studies. This is of 369 critical importance given the plausibility of population-specific disease signatures of the 370 microbiome (He et al., 2018 
